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Abstract
A mapping technique is used to derive in the context of constituent quark
models effective Hamiltonians that involve explicit hadron degrees of freedom.
The technique is based on the ideas of mapping between physical and ideal
Fock spaces and shares similarities with the quasiparticle method of Wein-
berg. Starting with the Fock-space representation of single-hadron states,
a change of representation is implemented by a unitary transformation such
that composites are redescribed by elementary Bose and Fermi field operators
in an extended Fock space. When the unitary transformation is applied to
the microscopic quark Hamiltonian, effective, hermitian Hamiltonians with a
clear physical interpretation are obtained. Applications and comparisons with
other composite-particle formalisms of the recent literature are made using
the nonrelativistic quark model.
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I. INTRODUCTION
A great variety of mapping techniques are presented in the literature. In nuclear physics
they are used to treat collective oscillations of nuclei. Although available since a long time,
there have been attempts only very recently to extend these techniques to hadronic physics,
in particular, to constituent quark models. The pioneering work originates from Zhu et al. [1]
and Pittel et al. [2]. Zhu et al. use the Composite Particle Representation (CPR) developed
by Wu, Feng and collaborators [3] in the context of nuclear physics, for studying the baryon
spectrum in the nonrelativistic quark model. Pittel et al. used the Dyson mapping [4] to
obtain an effective hadron-hadron interaction from a schematic quark model. A continued
effort following this is contained in Refs. [5–8]. Related work is contained in Refs. [9–14].
This paper considers an approach that was originally developed in the context of atomic
physics. It was invented independently by Girardeau [15] and Vorob’ev and Khomkin [16].
The method has been continuously improved throughout the last two decades, and has
been used by Girardeau and others in several areas of atomic physics [17,18]. Although the
method shares several properties with the traditional mappings used in nuclear physics [19],
it presents particularities that make it suitable for hadronic problems as we shall discuss
shortly ahead. It is based on the ideas of mapping between physical and ideal Fock spaces,
and has some similarities with the method of Bohm and Pines [20] to treat collective motions
in plasmas. It is a generalization of a transformation employed by S. Tani [21] in 1960 to
study single-particle scattering by a potential with a bound state. Girardeau coined the
name “Fock-Tani” representation for this method.
In the Fock-Tani representation one starts with the Fock representation of the system us-
ing field operators of elementary constituents which satisfy canonical (anti)commutation re-
lations. Composite-particle field operators are linear combinations of the elementary-particle
operators and do not generally satisfy canonical (anti)commutation relations. “Ideal” field
operators acting on an enlarged Fock space are then introduced in close correspondence
with the composite ones. The enlarged Fock space is a graded direct product of the original
Fock space and an “ideal state space”. The ideal operators correspond to particles with
the same quantum numbers of the composites; however, they satisfy by definition canon-
ical (anti)commutation relations. Next, a given unitary transformation, which transforms
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the single composite states into single ideal states, is introduced. When the transforma-
tion acts on operators in the subspace of the enlarged Fock space which contains no ideal
particles, the transformed operators explicitly express the interactions of composites and
constituents. Application of the unitary operator on the microscopic Hamiltonian, or on
other hermitian operators expressed in terms of the elementary constituent field operators
such as electroweak currents, gives equivalent operators which contain the ideal field op-
erators. The effective Hamiltonians and currents in the new representation are hermitian
and have a clear physical interpretation in terms of the processes they describe. Since all
field operators in the new representation satisfy canonical (anti)commutation relations, the
standard methods of quantum field theory can then be readily applied.
Several characteristics of the Fock-Tani representation make it suitable to the nature
of the hadronic problem. It seems to be particularly relevant for the building of effective
hadronic Hamiltonians in the context of effective field theories [22], as it implements in
a certain sense the “quasiparticle” method of Weinberg [23]. In Weinberg’s quasiparticle
approach the bound states are redescribed by elementary particles and, in order not to
change the physics of the problem, the potential is modified in such a way that it cannot
produce these bound states any longer. In the Fock-Tani representation, as a result of the
transformation of the quark Hamiltonian, the quark-quark interactions become “weaker”,
in the sense that they describe only quark-quark scattering processes and cannot produce
the hadrons as bound states. The interesting feature of the Fock-Tani representation is
that the change of the potential is the result of the unitary transformation that implements
the mapping of composite hadrons into elementary hadrons, while in Weinberg’s approach
there is some freedom in how the potential is modified. Other appealing features of the
Fock-Tani representation are: (a) it can be naturally extended to composites with any
number of constituents, not only pairs or triplets of fermions, (b) systems of composite
bosons and fermions, i.e. systems containing simultaneously mesons and baryons, can be
naturally treated in a unified manner, and (c) it can be used with models where creation
and annihilation of particles play an important role.
In the following section we review the basic ideas of the Fock-Tani representation. We
introduce the unitary transformation for meson states of a quark-antiquark pair and derive
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the structure of the quark and antiquark operators in the new representation. Subsec-
tion IIA contains the necessary extensions to the hadronic case of the original develop-
ments of Refs. [17,24], and incorporates the improvements and new aspects developed in
Refs. [25,26]. In subsection IIB we introduce a model microscopic quark Hamiltonian, im-
plement its Fock-Tani transformation, and discuss the physical interpretation of the different
terms of the transformed Hamiltonian. In subsection IIC, a commonly used quark Hamil-
tonian is then employed to compare the predictions of the Fock-Tani representation with
other formalisms; in particular we compare results with Refs. [27,28], and discuss the im-
plications of the post-prior symmetry [29] to an application of charmonium dissociation in
matter [30]. In section III we construct the Fock-Tani transformation for the three-quark
baryon systems; some results hereof were published previously in the form of a letter [31].
We perform the Fock-Tani transformation on the quark operators in subsection IIIA. The
Hamiltonian that describes explicitly the baryon degrees of freedom in the new representa-
tion is obtained in subsection IIIB. In subsection IIIC we present an example of an effective
nucleon-nucleon potential as derived from a microscopic spin-spin interaction and compare
it to the one obtained by Barnes and collaborators [32] in the context of the Quark-Born
diagram (QBD) method. Section IV contains a technical discussion about orthogonality
corrections for the effective meson-meson and baryon-baryon Hamiltonian, and presents nu-
merical calculations of their impact on the effective interactions. In section V we discuss the
extension of the Fock-Tani representation to hadron Fock-space states that are more general
than the quark-antiquark and the three quark states considered in previous sections. Such
an extension is necessary for treating systems where creation and annihilation of particles
plays an important role. Our conclusions and future perspectives are presented in section VI.
II. MAPPING OF MESONS
This section reviews the formal aspects of the mapping procedure and implements it to
quark-antiquark meson states. We start with the original formulation of Girardeau [15,17]
and include new developments and improvements that have occurred since his original work.
In section III we implement the method for three-quark baryonic states. The more compli-
cated Fock-space states are discussed in Section V.
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The starting point of the Fock-Tani method is the definition of single composite bound
states. We write a single-meson state in terms of a meson creation operator M †α as
|α>=M †α|0>, (1)
where the meson creation operatorM †α is written in terms of constituent quark and antiquark
creation operators q† and q¯†,
M †α = Φ
µν
α q
†
µq¯
†
ν . (2)
Here, Φµνα is the Fock-space amplitude of the meson, and |0> is the vacuum state, qµ|0>=
q¯ν |0>= 0. The index α identifies the quantum numbers of the meson, α = {spatial, spin,
isospin}. The indices µ and ν denote the spatial, spin, flavor, and color quantum numbers
of the constituent quarks. A summation over repeated indices is implied. It is convenient
to work with orthonormalized amplitudes,
<α|β>= Φ∗µνα Φµνβ = δαβ . (3)
In Section IIB, a specific example of a quark model is discussed, and the short-hand notation
for the labels of the states and operators will be spelled out in detail.
The quark and antiquark operators satisfy canonical anticommutation relations,
{qµ, q†ν} = {q¯µ, q¯†ν} = δµν , {qµ, qν} = {q¯µ, q¯ν} = {qµ, q¯ν} = {qµ, q¯†ν} = 0. (4)
Using these quark anticommutation relations, and the normalization condition of Eq. (3),
it is easily shown that the meson operators satisfy the following noncanonical commutation
relations
[Mα,M
†
β] = δαβ −∆αβ , [Mα,Mβ] = 0, (5)
where
∆αβ = Φ
∗µν
α Φ
µσ
β q¯
†
σ q¯ν + Φ
∗µν
α Φ
ρν
β q
†
ρqµ. (6)
In addition,
[qµ,M
†
α] = δµµ′Φ
µ′ν
α q¯
†
ν , [q¯ν ,M
†
α] = −δνν′Φµν
′
α q
†
µ, [qµ,Mα] = [q¯ν ,Mα] = 0. (7)
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The presence of the operator ∆αβ in Eq. (5) is due to the composite nature of the mesons.
This term enormously complicates the mathematical description of processes that involve
the hadron and quark degrees of freedom. The usual field theoretic techniques used in
many-body problems, such as the Green’s functions method, Wick’s theorem, etc, apply
to creation and annihilation operators that satisfy canonical relations. Similarly, the non-
vanishing of the commutators [qµ,M
†
α] and [q¯ν ,M
†
α] is a manifestation of the lack of kinematic
independence of the meson operator from the quark and antiquark operators. Therefore, the
meson operators Mα and M
†
α are not convenient dynamical variables to be used. Of course,
the problem can be formulated in terms of the canonical constituent field operators only.
But then there would be other difficulties, such as singularities in certain Green’s functions
due to the presence of bound states.
The bound state amplitude Φµνα is obtained from the microscopic quark-antiquark Hamil-
tonian. However, in implementing the Fock-Tani transformation, the explicit form of the
microscopic Hamiltonian is not required; the method only requires knowledge of the form of
the bound states in terms of the constituent operators. Therefore, the following discussion
is completely general and does not depend on the details of the microscopic quark-antiquark
interactions of the model. Once the transformation properties of the quark operators are
obtained, the application of the transformation on a given microscopic model Hamiltonian
gives rise to effective Hamiltonians that describe all possible processes involving quarks and
hadrons.
The idea of the Fock-Tani method is to change representation, such that the field op-
erators of composite particles are redescribed by field operators which satisfy canonical
(anti)commutation relations. The complications of the composite nature of the hadrons will
be shifted to the effective Hamiltonians. The main features of the Fock-Tani transformation
are:
1. The transformation is performed by a unitary operator U , such that
|Ω>−→ |Ω) = U−1|Ω>, O −→ OFT = U−1OU. (8)
|Ω> is an arbitrary state vector and O an arbitrary operator, both are expressed in
terms of the constituent quark and antiquark operators q, q†, q¯, q¯† of the original Fock
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representation. |Ω) and OFT are the corresponding quantities in the new representa-
tion. Since U is unitary, scalar products and matrix elements are preserved under the
change of representation
<Ω|Ω>= (Ω|Ω), <Ω|O|Ω>= (Ω|OFT|Ω). (9)
Note that in the new representation, states are represented by rounded, instead of
angular, bras and kets.
2. The transformation is defined such that a single-meson state |α> is redescribed by an
(“ideal”) elementary-meson state by
|α>−→ U−1|α>≡ |α) = m†α|0), (10)
where m†α an ideal meson creation operator. The ideal meson operators m
†
α and mα
satisfy, by definition, canonical commutation relations
[mα, m
†
β] = δαβ , [mα, mβ] = 0. (11)
The state |0) is the vacuum of both q and m degrees of freedom in the new represen-
tation. A precise definition of |0) is given later in the text. In addition, in the new
representation the quark and antiquark operators q†, q, q¯† and q¯ are kinematically
independent of the m†α and mα
[qµ, mα] = [qµ, m
†
α] = [q¯µ, mα] = [q¯µ, m
†
α] = 0. (12)
3. A multi-meson state |α1, · · · , αn >, constructed from mutually non-overlapping and
well-separated wave packets, is transformed into a multi-ideal-meson state |α1, · · · , αn)
|α1, · · · , αn>→ U−1|α1, · · · , αn> = |α1, · · · , αn) = m†α1 · · ·m†αn |0). (13)
This is particularly important for meson-meson scattering processes, where asymptotic
states are non-overlapping. However, Eq. (13) is not true in the general case of multi-
meson states describing a dense system of mesons, where one expects considerable
overlap among the mesons.
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4. Given a microscopic quark-antiquark Hamiltonian operator, the Fock-Tani trans-
formed Hamiltonian can generally be written as
H → HFT = U−1HU ≡ H(0)FT + VFT. (14)
H
(0)
FT is the “non-interacting” part; it contains the single-quark part of the original
Hamiltonian, and a single-meson part which describes the free propagation of the
composite mesons. VFT is the interacting part, responsible for all possible interactions
among the composites and the quarks. It describes only the “true” interaction pro-
cesses, the binding effects of the quarks and antiquarks into mesons are contained in
H
(0)
FT.
The unitary operator U that implements the transformation, Eq. (10), is constructed as
follows: let the physical Fock space be denoted by F . This is the space of states generated
by all linear combinations of states constructed from the quark and antiquark operators q†
and q¯†,
q†µ1 · · · q†µl q¯†ν1 · · · q¯†νm |0>, (15)
with l and m arbitrary. The quark and antiquark operators satisfy canonical anticommuta-
tion relations, Eq. (4), and |0> is the vacuum state defined as above.
Now, an independent Hilbert space H, the “ideal hadron space” is defined, as the space
of all linear combinations of states constructed from the ideal meson operators m†,
m†α1 · · ·m†αn |0)H, (16)
where |0)H is the vacuum of H, that is, mα|0)H = 0.
Next, the “ideal state space” I is defined as the graded direct product of the Fock
space F and the ideal hadron space H: I = F × H. By definition, the quark and ideal
meson operators are kinematically independent and therefore satisfy Eq. (12) on I. The
commutation relations given in Eqs. (4) and (5), initially defined on F , as well as those in
Eq. (11), initially defined on H, are also valid for I.
The vacuum state of space I is the direct product of the vacua of F and H. To simplify
the notation, the symbol |0) is used to denote the product |0) ≡ |0 > ×|0)H. Therefore,
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|0) is the vacuum of both the quark and ideal hadron degrees of freedom, qµ|0) = q¯µ|0) =
mα|0) = 0. The quark operators act on |0>, and the ideal operators on |0)H.
The objective is to establish an one-to-one correspondence between the composite states
in F and the ideal states of a subspace of I. To that extent, we note that in I there is a
subspace which is isomorphic to the original Fock space F , namely, the space I0 consisting
of those states |Ω> with no ideal mesons,
mα|Ω>= 0. (17)
This indicates that in I0 the ideal mesons are “redundant modes”, in the language of the
Bohm and Pines method [20]. As we shall discuss shortly, Eq. (17) is a constraint condition
to ensure that there will be no double counting of degrees of freedom. This condition plays
a role similar to the “negative particles” in the CPR of Ref. [3]. In the original formulation
of the method [15] [17], the change of representation is performed by the operator
U = exp
(
−π
2
F
)
, (18)
where the generator of the transformation F is given by
F = m†αMα −M †αmα, (19)
with M †α given by Eq. (2). As before, a summation over repeated indices is implied. We
note that U acts on I and cannot be defined on F . However, it is defined on I0, which is
isomorphic to F . The image FFT = U−1I0 of I0 is the subspace of I which consists of all
states |Ω) in the new representation, related to the states |Ω> of I0 by
|Ω) = U−1|Ω> . (20)
In the subspace FFT, Eq. (17) is transformed to
U−1mαU |Ω) = 0. (21)
Therefore, any calculation in the original Fock space is equivalent to a calculation in the
Fock-Tani space FFT when Eq. (21) is satisfied . It is not difficult to prove [24] that the
transformation implemented by such an operator U does indeed have the characteristics 1)
to 4) as discussed above.
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The great advantage of working in FFT is that all creation and annihilation operators
satisfy canonical commutation relations. The transformed operators OFT = U
−1OU give
rise, in general, to an infinite series. This series physically represents an expansion in the
“degree of overlap” of the composites in the system. For the derivation of an effective two-
meson interaction, only a few terms in the series are necessary. A potential complication is
the constraint equation, Eq. (21), called the “subsidiary condition”. For scattering problems,
where one starts with the proper definition of the asymptotic states, Eq. (21) is trivially
satisfied. It is also satisfied in the particularly important case of the many ideal mesons
state m†α1 · · ·m†αn |0) [26].
In the next subsection we present the derivation of the transformed quark operators.
A. Transformation of the quark operators
The next step is to obtain the transformed operators in the new representation. The
basic operators of the model, such as the Hamiltonian, electromagnetic currents, etc, are
expressed in terms of the quark operators. Therefore, in order to obtain the basic operators
of the model in the new representation, the transformed quark operators are needed
qFT = U
−1 q U, q¯FT = U
−1 q¯ U. (22)
The evaluation of such expressions by direct multi-commutators is tremendously difficult,
it involves the summation of infinite series and cannot in general be expressed in a closed
form. However, Girardeau [17] suggests the use of an “equations of motion” technique,
which consists of the following. For any operator O, a “time-dependent” operator is defined
as
O(t) = exp (−tF )O exp (tF ), (23)
where t is a real “time” parameter. Differentiating the above equation with respect to t, an
equation of motion for O(t) is obtained,
dO(t)
dt
= [O(t), F ], (24)
with the “initial condition”
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O(0) = 0. (25)
Therefore, the transformed operators are obtained from the solution of Eqs. (24) and (25)
by setting t = −π/2 at the end
OFT = U−1OU = O(−π/2). (26)
The equations of motion for the quark operators q and q¯ can be obtained by making use
of Eq. (7), which leads to
dqµ(t)
dt
= [qµ(t), F ] = −δµµ1Φµ1να q¯†ν(t)mα(t), (27)
dq¯ν(t)
dt
= [q¯ν(t), F ] = δνν1Φ
µν1
α q
†
µ(t)mα(t). (28)
Since these equations involve mα(t), the equation of motion for mα(t) is also needed
dmα(t)
dt
= [mα(t), F ] = Mα(t). (29)
The system of equations is closed with
dMα(t)
dt
= [Oα(t), F ] = − [δαβ −∆αβ(t)]mβ(t). (30)
Eqs. (27)-(30) (together with their hermitian conjugates) form a set of nonlinear ordinary
differential equations. Obviously this set of equations is as complicated to solve as the
evaluation of the multicommutators discussed above. However, these equations can be solved
in a straightforward way by iteration. Starting from a “zero-order” approximation, where
the overlap among the mesons is neglected, terms of the same “power” in the bound state
amplitudes Φα and Φ
∗
α are collected. For each operator the expansions are then written,
qµ(t) =
∞∑
i=1
q(i)µ (t), q¯µ(t) =
∞∑
i=1
q¯(i)µ (t), mα(t) =
∞∑
i=1
m(i)α (t), Mα(t) =
∞∑
i=1
M (i)α (t), (31)
where the superscript i denotes the i-th power of Φα and Φ
∗
α in the series. In order to have a
consistent power counting, the implicit Φα and Φ
∗
α entering via Eq. (2) are not counted [17].
In order to derive an effective meson-meson interaction, the expansion up to the third order
in the wave functions [17] is needed. Therefore, we will explicitly derive the transformed
operators up to the third order.
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In the zeroth-order approximation, the effects of the meson structure are neglected. This
amounts to neglect the terms ∆αβ and Φ
µν
α of Eqs. (27) , (28) and (30):
dq(0)µ (t)
dt
= 0,
dq¯(0)ν (t)
dt
= 0,
dM (0)α (t)
dt
= −m(0)α (t),
dm(0)α (t)
dt
=M (0)α (t). (32)
Using the initial condition, Eq. (25), the zero-order solutions are found to be:
q(0)µ (t) = qµ, q¯
(0)
ν (t) = q¯ν ,
m(0)α (t) = mα cos t+Mα sin t, M
(0)
α (t) =Mα cos t−mα sin t. (33)
At this zeroth-order approximation, the transformed mesons behave like elementary bosons,
and the transformation of Mα to mα has the interpretation of a rotation of −π/2 in the
space I.
The first-order equations are given by
dq(1)µ (t)
dt
= −δµµ1Φµ1ν1α q¯†(0)ν1 (t)m(0)α (t),
dq¯(1)ν (t)
dt
= δνν1Φ
µ1ν1
α q
†(0)
µ1
(t)m(0)α (t),
dM (1)α (t)
dt
= −m(1)α (t),
dm(1)α (t)
dt
=M (1)α (t). (34)
Since the initial conditions were assigned to the zero-order terms, one obtains
q(i)µ (t = 0) = q¯
(i)
µ (t = 0) = m
(i)
α (t = 0) =M
(i)
α (t = 0) = 0, for i ≥ 1. (35)
Therefore, the solutions to the first-order equations can be written as
q(1)µ (t) = − δµµ1Φµ1ν1α q¯†ν1 [mα sin t+Mα (1− cos t)] , (36)
q¯(1)ν (t) = + δνν1Φ
µ1ν1
α q
†
µ1 [mα sin t+Mα (1− cos t)] , (37)
m(1)α (t) = 0, M
(1)
α (t) = 0. (38)
The iterative procedure can be continued to higher orders in a straightforward way.
However, the solutions of second and higher orders will give rise to secular terms; i.e. terms
which involve polynomials in t, in addition to trigonometric functions in t. Among other
problems, the secular terms introduce the familiar post-prior discrepancies in the analysis
of scattering and reactive processes. The origin of the secular terms is the asymmetry of
the equations of motion for mα(t) and Mα(t), Eqs. (29) and (30); the term proportional to
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∆αβ spoils the symmetry. The solution to the problem was recently found by Girardeau and
Straton [25]. The solution consists in adding to F a term depending on ∆αβ , such that the
equations become symmetrical.
Here, a more systematic and elegant, although equivalent procedure of Lo and Gi-
rardeau [26] is followed. The generator of the transformation F is generalized to
F = m†αOα − O†αmα, (39)
where the operator Oα is a function of the quark and antiquark operators, and are chosen
such that
[Oα, O
†
β] = δαβ , [Oα, Oβ] = [O
†
α, O
†
β] = 0. (40)
The consequence of this is that the equations for mα and Oα are manifestly symmetric,
dmα(t)
dt
= [mα(t), F ] = Oα(t),
dOα(t)
dt
= [Oα(t), F ] = −mα(t), (41)
and their solutions involve only trigonometric functions of t,
mα(t) = Oα sin t+mα cos t, Oα(t) = Oα cos t−mα sin t. (42)
The operators Oα are obtained order-by-order in a expansion in power of the bound state
wave functions, as follows. In the zeroth-order, it is clear that
O(0)α = Mα. (43)
This certainly satisfies Eq. (40) to zeroth order, and reproduces the original results at the
zeroth and first orders. Since there is no first order contribution to Oα, because ∆αβ , which
is the term to be canceled in the commutation relation, is already of the second order.
Therefore,
Oα =Mα +O
(2)
α , (44)
where O(2)α must be chosen such that
[Oα, O
†
β] = δαβ +O(Φ3). (45)
The appropriate choice is easily checked to be:
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O(2)α =
1
2
∆αβMβ . (46)
Following the same course, the appropriate third order operator O(3)α is discovered to be
given by
O(3)α = −
1
2
M †β[∆βγ ,Mα]Mγ. (47)
Note that a sum over repeated indices is implied in Eqs. (46) and (47).
Using the new generator F , Eq. (39), the second order equations for the quark and
antiquark operators are obtained in a straightforward way. They are given by
dq(2)µ (t)
dt
= − δµµ1
[
Φµ1ν1α q¯
†(1)
ν1
(t)m(0)α (t) +
1
2
Φ∗µ2ν1α Φ
µ1ν1
β m
†(0)
α (t)q
(0)
µ2
(t)M
(0)
β (t)
− 1
2
Φ∗µ2ν1α Φ
µ1ν1
β M
†(0)
α (t)q
(0)
µ2 (t)m
(0)
β (t)
]
,
dq¯(2)ν (t)
dt
= δνν1
[
Φµ1ν1α q
†(0)
µ1
(t)m(0)α (t) +
1
2
Φ∗µ1ν2α Φ
µ1ν1
β m
†(0)
α (t)M
(0)
β (t)q¯
(0)
ν2
(t)
− 1
2
Φ∗µ1ν2α Φ
µ1ν1
β M
†(0)
α (t)m
(0)
β (t)q¯
(0)
ν2
(t)
]
. (48)
The integration of these equations leads to the following expressions
q(2)µ (t) = δµµ1
1
2
Φ∗µ2ν1α Φ
µ1ν1
β
[
m†αMβ sin t cos t−m†αmβ sin2 t−M †αMβ (1− cos t)2
− M †αmβ (2− cos t) sin t
]
qµ2 (49)
q¯(2)ν (t) = δνν1
1
2
Φ∗µ1ν2α Φ
µ1ν1
β
[
m†αMβ sin t cos t−m†αmβ sin2 t−M †αMβ (1− cos t)2
− M †αmβ (2− cos t) sin t
]
q¯ν2. (50)
In the same way, one can derive the third order equations
dq(3)µ (t)
dt
= − δµµ1
1
2
Φµ1ν1α
{
2
[
q¯†(2)ν1 (t)m
(0)
α (t) + q¯
†(0)
ν1 (t)m
(2)
α (t)
]
− q¯†(0)ν1 (t)∆αβ(t)m(0)β (t)
+ Φ∗µ2ν1β
[
m
†(0)
β (t)q
(1)
µ2
(t)M (0)α (t)−M †(0)β (t)q(1)µ2 (t)m(0)α (t)
]
+ Φ∗ρν1β Φ
ρσ
γ M
†(0)
β (t)q¯
†(0)
σ (t)
[
M (0)γ (t)m
(0)
α (t) +M
(0)
α (t)m
(0)
γ (t)
]}
, (51)
dq¯(3)ν (t)
dt
= δνν1
1
2
Φµ1ν1α
{
2
[
q†(0)µ1 (t)m
(2)
α (t) + q
†(2)
µ1
(t)m(0)α (t)
]
+ q†(0)µ1 (t)∆αβ(t)m
(0)
β (t)
+ Φ∗µ1σβ
[
m
†(0)
β (t)q¯
(1)
σ (t)M
(0)
α (t)−M †(0)β (t)q¯(1)σ (t)m(0)α (t)
]
− Φ∗µ1σβ Φρσγ M †(0)β (t)q†(0)ρ (t)
[
M (0)α (t)m
(0)
γ (t) +M
(0)
γ (t)m
(0)
α (t)
]}
. (52)
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In order to integrate these equations m(2)α (t) is needed, which can be obtained from
Eqs. (42) and (46)
m(2)α (t) = O
(2)
α sin t +mα cos t =
1
2
∆αβMβ sin t+mα cos t. (53)
Using this in Eqs. (51) and (52) above, and integrating, the third order quark and antiquark
operators are obtained
q(3)µ (t) = δµµ1
1
2
Φµ1ν1α
{
Φ∗ρν1β Φ
ρσ
γ q¯
†
σ
[
m†βmαmγ sin
3 t+M †βMαmγ sin t cos
2 t
+ M †βmαMγ
(
2− cos t− sin2 t
)
sin t−
(
M †βmαmγ +m
†
βMαmγ
)
sin2 t cos t
+ m†βmαMγ (1− cos t) sin2 t+M †βMαMγ
(
1 + cos2 t
)
(1− cos t)
+ m†βMαMγ (cos t− 1) cos t sin t
]
+ q¯†ν1∆αβ [2Mβ (cos t− 1)−mβ sin t]
}
q¯(3)ν (t) = − δνν1
1
2
Φµ1ν1α
{
Φ∗µ1σβ Φ
ρ1σ
γ q
†
ρ1
[
m†βmαmγ sin
3 t +M †βMαmγ sin t cos
2 t
+ M †βmαMγ
(
2− cos t− sin2 t
)
sin t−
(
M †βmαmγ +m
†
αMβmγ
)
sin2 t cos t
+ m†βmαMγ (1− cos t) sin2 t+M †βMαMγ
(
1 + cos2 t
)
(1− cos t)
+ m†βMαMγ (cos t− 1) cos t sin t
]
+ q†µ1∆αβ [2Mβ (1− cos t) +mβ sin t]
}
. (54)
This completes the derivation of the transformed operators up to the third order. The
formulae above provide the starting point for the construction of effective Hamiltonians
for a variety of processes involving mesons and quarks, such as an effective meson-meson
Hamiltonian. There are higher-order terms that provide orthogonality corrections to the
lowest-order ones. These are rather trivial to obtain and so the discussion of this material
is defered to section IV.
B. Effective Meson Hamiltonian
The Fock-Tani Hamiltonian HFT is obtained from the microscopic quark-antiquark
Hamiltonian by the application of the unitary operator U , as indicated in Eq. (14). There-
fore, the structure of the microscopic Hamiltonian must be specified. We consider a micro-
scopic Hamiltonian of the general form
H = T (µ) q†µqµ + T (ν) q¯
†
ν q¯ν
+ Vqq¯(µν; σρ)q
†
µq¯
†
ν q¯ρqσ +
1
2
Vqq(µν; σρ)q
†
µq
†
νqρqσ +
1
2
Vq¯q¯(µν; σρ)q¯
†
µq¯
†
ν q¯ρq¯σ. (55)
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The convention of a summation over repeated indices is again assumed. We note that a
great variety of quark-model Hamiltonians used in the literature can be written in such a
form. However, at this point of the discussion we have not included in Eq. (55) terms such as
pair-creation, which are of the form q¯†q†q†q. It will become clear from the discussion below
that such terms can be handled with no additional problem. We also defer to section V
the discussion of the more complicated structures of the Fock-space decomposition of meson
states.
The transformation is implemented by transforming each quark and antiquark operator
in Eq. (55). In free space, the single-meson Fock-space amplitudes Φµνα of Eq. (2) satisfy the
following equation
H(µν;µ′ν ′)Φµ
′ν′
α = ǫ[α]Φ
µν
[α], (56)
where H(µν;µ′ν ′) is the Hamiltonian matrix
H(µν;µ′ν ′) = δµ[µ′]δν[ν′] [T ([µ
′]) + T ([ν ′])] + Vqq¯(µν;µ
′ν ′), (57)
and ǫ[α] is the total energy of the meson (center-of-mass energy plus internal energy). We use
the convention that there is no sum over repeated indices inside square brackets. We note
that in order to implement the unitary transformation, there is no fundamental reason to use
Fock-space amplitudes Φµνα that satisfy the free-space equation, Eq. (56) above. However, as
we shall discuss shortly, such a choice facilitates many formal manipulations of the equations.
The transformed Hamiltonian HFT = U
−1HU contains the same information as the
original microscopic Hamiltonian, and as such describes all possible processes involving
mesons and quarks. Such processes include two-body quark-quark, meson-quark, and meson-
meson interactions, as well as processes that involve more than two particles (quarks and
mesons). As we already discussed previously, the unitary transformation can be evaluated,
in general, only to a finite order in the meson Fock-space amplitude. This implies that
only a limited class of processes are contained in the transformed Hamiltonian, evaluated
up to a certain order. Up to the order that the quark operators are evaluated in this paper,
it is possible to obtain an effective Hamiltonian that describes few-particle interactions.
In the following, the discussion is specialized to the two-body processes, which are the
quark-quark, meson-quark, and meson-meson processes. The derivation of the transformed
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Hamiltonian follows the same path as in Ref. [17] [26] for the case of atomic physics, where
the bound states are of the same structure as our meson states. We have therefore skiped
some intermediate steps, and refer the reader to noted references for details. In section III
baryons are considered, and since the method has not been implemented before for three-
particle bound states, the transformation of the Hamiltonian is presented with greater detail
than in the present section.
The structure of the transformed Hamiltonian, HFT = U
−1HU is of the following form
HFT = Hq +Hm +Hmq, (58)
where the first term involves only quark operators, the second one involves only ideal meson
operators, and Hmq involves quark and meson operators. A similar separation of the Hamil-
tonian is also explicitly obtained in the approach of Ref. [3] using the CPR. In Eq. (58),
the quark Hamiltonian Hq has an identical structure to the microscopic quark Hamiltonian,
Eq. (55), except that the term corresponding to the quark-antiquark interaction is modified
such that the new interaction does not produce quark-antiquark bound states. The new
quark-antiquark interaction becomes modified as
Vqq¯ = [Vqq¯(µν; σρ)−∆(µν;µ′ν ′)H(µ′ν ′; σρ)−H(µν; σ′ρ′)∆(σ′ρ′; σρ)
+ ∆(µν;µ′ν ′)H(µ′ν ′; σ′ρ′)∆(σ′ρ′; σρ)] q†µq¯
†
ν q¯ρqσ, (59)
where ∆(µν;µ′ν ′) is the “bound state kernel”
∆(µν;µ′ν ′) =
∑
α
Φµνα Φ
∗µ′ν′
α . (60)
For the sake of clarity, here, and in a few subsequent formulas, we explicitly write the sum
over repeated quantum numbers of mesons. One property of the bound state kernel we
repeatedly make use of is
∆(µν;µ′ν ′)Φµ
′ν′
α = Φ
µν
α , (61)
which follows from the orthonormalization of the Φ’s, Eq. (3). In the case that the Φµνα ’s
are stationary states of the microscopic Hamiltonian, i.e. they are solutions of Eq. (56), the
quark-antiquark interaction term is modified as
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Vqq¯(µν; σρ) −→ Vqq¯(µν; σρ)−
∑
α
ǫαΦ
∗µν
α Φ
σρ
α , (62)
where ǫα is the meson total energy [see Eq. (56)]. It is not difficult to show that the spectrum
of the modified quark Hamiltonian, Hq, is positive semi-definite and hence has no bound
states [17]. This feature is exactly the same as in Weinberg’s quasiparticle method [23]. In
Weinberg’s approach, the bound states are redescribed by elementary or ideal particles, and
in order not to change the physics of the problem, the potential is modified in such a way
that it cannot produce these bound states anymore. In the present formalism, this feature
happens automatically.
The term involving only ideal meson operators has the general form
Hm = Tm + Vmm, (63)
where Tm is the single-meson term,
Tm =
∑
αβ
Φ∗µνα H(µν;µ
′ν ′)Φµ
′ν′
β m
†
αmβ, (64)
and Vmm is the effective meson-meson interaction
Vmm =
1
2
∑
αβγδ
Vmm(αβ; γδ)m
†
αm
†
βmδmγ . (65)
For later convenience, we have divided the potential into direct (dir), exchange (exc), and
intra-exchange (int) parts as
Vmm(αβ; γδ) = V
dir
mm(αβ; γδ) + V
exc
mm(αβ; γδ) + V
int
mm(αβ; γδ), (66)
where each of these is given by
V dirmm(αβ; γδ) = 2Φ
∗µσ
α Φ
∗ρν
β Vqq¯(µν;µ
′ν ′)Φρν
′
δ Φ
µ′σ
γ + Φ
∗µσ
α Φ
∗ρν
β Vqq(µρ;µ
′ρ′)Φρ
′ν
δ Φ
µ′σ
γ
+ Φ∗µσα Φ
∗ρν
β Vq¯q¯(σν; σ
′ν ′)Φρν
′
δ Φ
µσ′
γ , (67)
V excmm(αβ; γδ) = −
1
2
[
Φ∗µνα Φ
∗ρσ
β Vqq¯(µν;µ
′ν ′)Φµ
′σ
δ Φ
ρν′
γ + Φ
∗ρσ
α Φ
∗µν
β Vqq¯(µν;µ
′ν ′)Φρν
′
δ Φ
µ′σ
γ
+ Φ∗µσα Φ
∗ρν
β Vqq¯(µν;µ
′ν ′)Φµ
′ν′
δ Φ
ρσ
γ + Φ
∗ρν
α Φ
∗µσ
β Vqq¯(µν;µ
′ν ′)Φρσδ Φ
µ′ν′
γ
+ 2Φ∗µσα Φ
∗ρν
β Vqq(µρ;µ
′ρ′)Φµ
′ν
δ Φ
ρ′σ
γ + 2Φ
∗µσ
α Φ
∗ρν
β Vq¯q¯(σν; σ
′ν ′)Φµν
′
δ Φ
ρσ′
γ
]
, (68)
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V intmm(αβ; γδ) = −
1
2
[
Φ∗µνα Φ
∗ρσ
β H(µν;µ
′ν ′)Φµ
′σ
δ Φ
ρν′
γ + Φ
∗ρσ
α Φ
∗µν
β H(µν;µ
′ν ′)Φρν
′
δ Φ
µ′σ
γ
+ Φ∗µσα Φ
∗ρν
β H(µν;µ
′ν ′)Φµ
′ν′
δ Φ
ρσ
γ + Φ
∗ρν
α Φ
∗µσ
β H(µν;µ
′ν ′)Φρσδ Φ
µ′ν′
γ
]
. (69)
In general, the effective meson-meson potential is non-local, even when the microscopic
interaction is a local one. The nonlocality is, of course, due to the extended structure of the
mesons, and the size of the nonlocality is typically of the order of the size of the meson.
In section IV we will present a particularly interesting property of V intmm, namely, that it
is canceled at the lowest order by orthogonality corrections. These orthogonality corrections
have the same origin as the subtraction of the bound states from the microscopic quark-
antiquark interaction, and in the present case they appear as powers of the bound state
kernel ∆, defined in Eq. (60). As a result of this cancelation, the effective meson-meson
potential is then given by the first two terms in Eq. (66).
The term Hmq describes a variety of processes involving mesons and quarks, such as
quark-meson scattering, meson breakup into quarks, etc. One of these terms represents the
two-meson breakup into two quarks and two antiquarks. The structure of such a term is
Hmm→qq¯qq¯ =
1
2
Vαβ(µν; σρ) q
†
µq¯
†
νq
†
ρq¯
†
σmβmα, (70)
where
Vαβ(µν; σρ) = Vqq(µρ;µ
′σ′)Φσ
′σ
α Φ
µ′ν
β + Vq¯q¯(νσ; ν
′σ′)Φµσ
′
α Φ
ρν′
β + 2Vqq¯(µσ;µ
′ν ′)Φµ
′ν
α Φ
ρν′
β . (71)
When this term is iterated, together with its hermitian conjugate Hqq¯qq¯→mm = H
†
mm→qq¯qq¯,
which represents the recombination of two quarks and two antiquarks into two mesons, the
following picture of a physical process occurs: (1) in the collision process the two mesons
breakup into two quarks and two antiquarks under the action of Hmm→qq¯qq¯, (2) then the
quarks and antiquarks propagate freely, and (3) due to the confining forces they recombine
into mesons under the action of Hqq¯qq¯→mm. This mechanism is competitive with the one
of the same second order Born approximation, where in the intermediate state the quarks
and antiquarks remain bound into mesons. It would be interesting to investigate possible
observable differences between these two mechanisms in a truly confining model, since this
would allow to discriminate genuine quark effects from mesonic ones in the scattering process.
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Before proceeding to the next subsection, we notice that the Fock-space hadron ampli-
tudes used to define the unitary operator U , in principle, do not need to be precisely the
exact bound states of the original microscopic quark Hamiltonian. One might start with
given “bare” amplitudes, with parameters to be determined at a later stage. The physical
asymptotic states can always be obtained as “dressed” states that follow from the “bare”
ones, using the effective Hamiltonians. That is, it is not necessary to obtain first the bound
states of the microscopic Hamiltonian, and then perform the mapping. There might exist
situations where the use of a set of “bare” amplitudes to generate the mapping is more con-
venient than using the complete set of exact bound states of the microscopic Hamiltonian.
In the next subsection, the application of the formalism for meson-meson scattering
is illustrated through simple examples. We have specialized our applications in order to
compare our results with existing calculations from the literature.
C. Meson-meson scattering and post-prior symmetry
In this subsection, the results are compared with other methods presented in the lit-
erature. We have compared our meson-meson results with the ones obtained recently in
Refs. [27] [28] [30]. In order to do so, we use, as do the above references, a Fermi-Breit
Hamiltonian, which includes the kinetic term, a spin-spin part of the one-gluon-exchange,
and a gaussian potential for the confinement of the quarks and antiquarks. This choice is
usually made for reasons of simplicity, as it allows one to perform almost all of the calcula-
tions analytically. We do not discuss the limitations and problems of such a model, since our
aim is to compare results from the literature, and as such, we need to use the same model.
In order to make the presentation self-contained, we begin with a collection of formulas
relating the potential to scattering amplitudes and cross sections. We also present a brief
discussion of the post-prior discrepancy, which is a problem that plagues composite-particle
formalisms. We then show explicitly, through a numerical example, the effect of the breaking
of this symmetry and discuss how the present formalism solves the problem.
The exact two-meson scattering and reaction amplitudes are given by the T -matrix
elements in the Fock-Tani representation as
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T (αβ; γδ)(z) =< αβ|T (z)|γδ >= (αβ|TFT (z)|γδ), (72)
where the asymptotic final and initial meson states
|αβ) = U−1M †αM †β|0>= m†αm†β |0), (73)
|γδ) = U−1M †γM †δ |0>= m†γm†δ|0) , (74)
are eigenstates of the operator Tm of Eq. (64). Note that for asymptotic scattering states,
the unitary transformation is trivial, as discussed at the beginning of this section. The
transition operator TFT (z) satisfies a Lippmann-Schwinger equation
TFT (z) = VFT + VFTG0(z)TFT (z) , (75)
where VFT is the interacting part of the Fock-Tani Hamiltonian, and G0(z) is the noninter-
acting propagator
G0(z) = (z −H(0)FT )−1 . (76)
Here, H
(0)
FT corresponds to the single-particle part of HFT
H
(0)
FT =
∑
µ
T (µ)q†µqµ +
∑
ν
T (ν)q¯†ν q¯ν +
∑
αβ
Φ∗µνα H(µν;µ
′ν ′)Φµ
′ν′
β m
†
αmβ . (77)
To first order, only the meson-meson part of the effective potential VFT contributes to the
scattering matrix, since the asymptotic states contain only ideal mesons, and thus
T (α′β ′; γ′δ′)(z) = (α′β ′|Vmm|γ′δ′) . (78)
The differential cross-section for the process i→ f can be given in terms of the relativistic
invariant matrix element, Mfi, as
dσfi(s, t, u)
dt
=
1
64πs
1
P 2(s)
|Mfi(s, t, u)|2 , (79)
where P (s) is the relative three-momentum of the initial mesons in the center-of-mass frame
and s, t, u are the Mandelstam variables. Due to translational invariance, the T-matrix
element can be written as a momentum conservation delta-function, times a Born-order
matrix element, hfi
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T (αβ; γδ)(z) = δ(3)(P f −P i)hfi, (80)
where P f = pα + pβ and P i = pγ + pδ are the final and initial momenta of the two-meson
system. The invariant matrix element is then given by
Mfi = 1
(2π)3
4∏
n=1
[2(2π)3En]
1
2hfi, (81)
and the total cross-section is obtained by integrating Eq. (79) over t,
σfi(s) =
∫ t+
t−
dt
dσfi(s, t, u)
dt
, (82)
where t− and t+ are the minimum and maximum transfer momenta .
Consider the rearrangement collision between composite particles γ and δ, resulting in
particles α and β, γ + δ → α + β. In this type of reaction, the constituents of the colliding
systems can be redistributed during the process, and thus, the reaction may result in the
same original states (elastic scattering) or in different states (inelastic scattering). The
full Hamiltonian which describes the system is usually split into free and interaction parts
as H = H0 + V . Because of the internal degrees of freedom, this decomposition is not
unique [29]. One could, for instance, choose a decomposition in which H0 is diagonal on the
initial or final asymptotic states,
H = H0i + Vi = H
0
f + Vf . (83)
Generally, H0i 6= H0f and Vi 6= Vf , since the initial and final rearrangement channels can be
different. Thus, the T-matrix element that describes the scattering can be written in either
the prior form or in the post form, with the interaction respectively in either the initial
channel or in the final channel
T (αβ; γδ)prior =<Ψ
−
αβ |Vi|φγδ>, T (αβ; γδ)post =<φαβ|Vf |Ψ+γδ> . (84)
The initial and final free asymptotic states, φγδ and φαβ, are eigenstates of the free Hamil-
tonians, H0i and H
0
f . The outgoing and incoming exact scattering states, Ψ
+
γδ and Ψ
−
αβ , are
eigenstates of the full Hamiltonian and satisfy Lippmann-Schwinger equations,
Ψ+γδ = φγδ +G
+
0 ViΨ
+
γδ, Ψ
−
αβ = φαβ +G
−
0 VfΨ
−
αβ , (85)
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where G+0 and G
−
0 are the retarded and advanced free-particle Green’s functions given by
G+0 = lim
ǫ→0+
[E −H0i + iǫ]−1, G−0 = lim
ǫ→0+
[E −H0f − iǫ]−1. (86)
It can be proved that the prior and post forms are strictly equivalent on the energy shell [33].
Thus, the exact T-matrix is symmetrical under the interchange of initial and final states:
T (αβ; γδ) =<Ψ−αβ|Vi|φγδ>=<φαβ|Vf |Ψ+γδ> . (87)
The first-Born approximation consists in replacing Ψ−αβ by φαβ and Ψ
+
γδ by φγδ in Eq. (84).
Thus, the prior and post forms of the first-Born T-matrix elements are given by
TB(αβ; γδ)prior =<φαβ|Vi|φγδ>, TB(αβ; γδ)post =<φαβ|Vf |φγδ> . (88)
These two expressions are equal only if the free asymptotic states, φγδ and φαβ, are exact
eigenstates of their respective free Hamiltonians. When approximate wave functions are
used for the bound states, one generally finds different values for the prior and post matrix
elements. This difference is known as the “post-prior” discrepancy. It appears in many
derivations of scattering amplitudes for reactions involving composite particles, since the
exact bound state wave functions are usually not exactly known.
The lack of this symmetry will be shown not to be of importance for the “symmetric”
initial and final states, as in the case of π+π → π+π [27] [28]; however, it is of importance
for asymmetric cases like J/Ψ+π→ D-mesons [30]. Of course, one way to cure the problem,
as done by Swanson in the first reference of Ref. [27], is to use the exact eigenstates of the free
Hamiltonian. However, it might occur in a realistic situation that the problem is sufficiently
complicated, and that an exact solution is unobtainable. Within the Fock-Tani formalism, a
post-prior symmetrical effective Hamiltonian is automatically attained. As a result of this,
a first-order T-matrix element that is free of post-prior discrepancy is obtained, even for
approximate eigenstates of the “free” Hamiltonian.
Let us start specifying the quark-quark, antiquark-antiquark, and quark-antiquark terms
in Eq. (55) that are used in Refs. [27] [28] [30]. Spelled out in full detail, these are given by
Vqq =
1
2
∫
d3k1d
3k2d
3k3d
3k4
(2π)3
δf1f3δf2f4
(
λa
2
)c1c3 (λa
2
)c2c4
×Us1s3;s2s4(k1 − k3) qc1†s1f1(k1) qc2†s2f2(k2) qc4s4f4(k4) qc3s3f3(k3), (89)
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Vq¯q¯ =
1
2
∫ d3k1d3k2d3k3d3k4
(2π)3
δf1f3δf2f4
(
λaT
2
)c1c3 (λaT
2
)c2c4
×Us1s3;s2s4(k1 − k3) q¯c1†s1f1(k1) q¯c2†s2f2(k2) q¯c4s4f4(k4) q¯c3s3f3(k3), (90)
Vqq¯ = −
∫ d3k1d3k2d3k3d3k4
(2π)3
δf1f3δf2f4
(
λa
2
)c1c3 (λaT
2
)c2c4
(91)
×Us1s3;s2s4(k1 − k3) qc1†s1f1(k1) q¯c2†s2f2(k2) q¯c4s4f4(k4) qc3s3f3(k3), (92)
where λa/2 for quark and −λaT /2 (T means transpose) for antiquarks, are the SU(3) color
matrices. The potential functions are given by
Us1s3;s2s4(q) = δ
(3)(k1 + k2 − k3 − k4)
[
U confs1s3;s2s4(q) + U
ss
s1s3;s2s4(q)
]
, (93)
with
U confs1s3;s2s4(q) = δs1s3δs2s4

V0
(
4π
χ
) 3
2
e−q
2/χ + C

 , (94)
Usss1s3;s2s4(q) = −
8παs
3m1m2
(
σi
2
)
s1s3
(
σi
2
)
s2s4
, (95)
where m1 and m2 are the constituent quark and antiquark masses, σ
i (i = 1, 2, 3) are the
Pauli spin matrices, αs is the QCD structure constant, V0 and χ are the parameters of the
gaussian potential, and C is a constant to adjust the lower part of the spectrum.
The explicit form of the creation operator for a composite meson is
M †CSF (p) =
∑
csf
Cc1c2C χs1s2S F f1f2F
∫
dk1dk2Φp(k1,k2)q
†
c1s1f1
(k1)q¯
†
c2s2f2
(k2), (96)
where CC , χS, and FF are respectively the color, spin and flavor Clebsch-Gordan coefficients,
and Φp is the spatial amplitude, an S-wave gaussian given by
Φk1k2p = δ
(3)(p− k1 − k2)
(
b2
π
) 3
4
e−b
2k¯
2
/2, (97)
where k¯ = ηk1 − (1 − η)k2, with η = m2/(m1 +m2). The gaussian parameter b is related
to the r.m.s. radius of the meson by < r2 >=
√
3/2 b.
Let us now compare our results with the ones from Ref. [27], which uses the QBD method,
and those from Ref. [28], which uses a Green’s functions method. These references consider
I = 2 meson-meson scattering, and consider m1 = m2 = mq. In the present formalism the
effective meson-meson potential for this channel is given by
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Vmm =
1
2
∫
d3P d3P ′ d3p d3p′ δ(3)(P ′ −P ) [Vconf(p,p′) + Vss(p,p′)]
×m†λ1(P ′/2 + p′)m†λ2(P ′/2− p′)mλ4(P /2− p)mλ3(P /2 + p), (98)
where λi (i = 1, · · · 4) are the meson isospin quantum numbers (in this example they corre-
spond to the quantum numbers of π+ ), and Vconf and Vss are respectively the contributions
from the confining and the spin-spin interactions, given by
Vconf(p,p
′) =
2V0b
3
9
(
z
2π
) 3
2
{
8
[z(4 + 3x)]
3
2
[
e−b
2(p′2+yp2)/4 + e−b
2(yp′2+p2)/4
]
− e−b2(p′2+p2)/4
[
exzb
2(p′+p)2/8 + exzb
2(p′−p)2/8
]}
, (99)
Vss(p,p
′) =
κss
6
{
8
3
√
3
[
e−b
2(p′2+p2/3)/4 + e−b
2(p2+p′2/3)/4
]
+ e−b
2(p′−p)2/8 + e−b
2(p′+p)2/8
}
, (100)
where
κss =
αs
3m2q π
2
, x =
b2χ
2
, y =
(4 + x)
(4 + 3x)
, z =
1
(1 + x)
. (101)
Comparing our expressions with Eqs. (25) and (26) of Ref. [28], two differences are im-
mediately noticed: (1) we have extra terms because in the meson-meson potential we have
included the contributions coming from quark-quark and antiquark-antiquark interactions,
whereas in Ref. [28] only the quark-antiquark was used, and (2) the different overall numer-
ical coefficient is due to the fact that we have removed the color factors λaλa/4 from the
interactions. It is also noticeable from the above expressions that the effective meson-meson
potential is symmetrical under the exchange of initial and final states (p↔ p′).
Considering only the spin-spin term in Eq. (93), and writing the scattering amplitude
hfi defined in Eq. (80) in terms of Mandelstam variables, the following Born-order on-shell
matrix element is obtained:
hfi =
κss
3
[
16
3
√
3
e−b
2(s−4M2mes)/12 + eb
2t/8 + eb
2u/8
]
, (102)
where
Mmes = 2mq +
3
2b2mq
− 8αs
3m2qb
2
√
π
. (103)
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This result is identical to the one obtained in Ref. [27] with the QBD method.
Now we compare results for an “asymmetrical” reaction, namely, charmonium dissocia-
tion by inelastic scattering on pions [30]
J/ψ(31S1) + π(
11S0)→ D(1S) + D¯(1S). (104)
The J/ψ mesons are composites of a heavy quark and a heavy antiquark pair, denoted by
(QQ¯), and the pions are composites of a light quark and a light antiquark, denoted by (qq¯).
The final mesons D, D¯ are composites of a (qQ¯) or a (Qq¯) pair and can be either in the
fundamental D, D¯(11S0) or in the excited D
∗, D¯∗(31S1) states. By momentum conservation,
the only allowed final meson states are the excited ones. The threshold for each process is
given by the mass difference
∆M = (MD +MD¯)− (MJ/ψ +Mπ) . (105)
The cross-section for this process was calculated by Martins et al. [30] using the QBD. They
employ the microscopic interaction given by Eqs. (93)-(95), but the confinement gaussian
potential is not considered in the qq and q¯q¯ channels, and the spin-spin term is neglected
in all channels. In Ref. [30] the prior potential matrix elements are considered. In order
to compare results, only the confinement contribution to the invariant matrix element is
considered, and V0 is multiplied by a numerical constant in order to compensate for the
presence of Gell-Mann matrices in our Eq. (92).
In our formalism, the invariant matrix element can be written as
Mconffi =
1
2
[
(Mconfqq¯ )prior + (Mconfqq¯ )post
]
, (106)
where the prior and post invariant matrix elements are obtained respectively from the prior
and post effective potentials (note that because of the Gell-Mann matrices, the V dirmm part in
Eq. (66) does not contribute)
Vmm(αβ; γδ)prior = −
[
Φ∗µνα Φ
∗ρσ
β Vqq¯(µν;µ
′ν ′)Φµ
′σ
δ Φ
ρν′
γ + Φ
∗ρσ
α Φ
∗µν
β Vqq¯(µν;µ
′ν ′)Φρν
′
δ Φ
µ′σ
γ
+Φ∗µσα Φ
∗ρν
β Vqq(µρ;µ
′ρ′)Φµ
′ν
δ Φ
ρ′σ
γ + Φ
∗µσ
α Φ
∗ρν
β Vq¯q¯(σν; σ
′ν ′)Φµν
′
δ Φ
ρσ′
γ
]
, (107)
Vmm(αβ; γδ)post = −
[
Φ∗µσα Φ
∗ρν
β Vqq¯(µν;µ
′ν ′)Φµ
′ν′
δ Φ
ρσ
γ + Φ
∗ρν
α Φ
∗µσ
β Vqq¯(µν;µ
′ν ′)Φρσδ Φ
µ′ν′
γ
+Φ∗µσα Φ
∗ρν
β Vqq(µρ;µ
′ρ′)Φµ
′ν
δ Φ
ρ′σ
γ + Φ
∗µσ
α Φ
∗ρν
β Vq¯q¯(σν; σ
′ν ′)Φµν
′
δ Φ
ρσ′
γ
]
. (108)
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The term (Mconfqq¯ )prior is equal to the matrix element ab¯ + a¯b described in Appendix C of
Ref. [30]. Using the notation of Ref. [30], one can write
(Mconfqq¯ )prior =MQBDfi =Mnpab¯ +Mnpa¯b . (109)
That is, the prior form of our matrix element is one-half of MQBDfi used in Ref. [30]. The
post form of the invariant amplitude is given by
(Mconfqq¯ )post = N
4
9
V0
(2π)3
(λQQλqq)
3
4 (32π)
3
2x
3
2 e−α|P |
2
(
1
Λ1
e−β1|P
′|2 +
1
Λ2
e−β2|P
′|2
)
, (110)
where x = 1/(2χ), α = λQq and
|P |2 = 1
4s
[
(s− (M2J/ψ +M2π)2 − 4M2J/ψM2π
]
,
|P ′|2 = 1
4s
[
(s− (M2D +M2D¯)2 − 4M2DM2D¯
]
,
N = (2π)
3
s
{
[
s2 − (M2J/ψ −M2π)2
] [
s2 − (M2D −M2D¯)2
]
} 12 ,
β1 =
2[2λQq(λQQη
2 + λ
′
qq(1− η)2) + λ′qqλQQ]
λ′qq + 2λQq + λQQ
,
β2 =
2[2λQq(λ
′
QQη
2 + λqq(1− η)2) + λqqλ′QQ]
λ
′
QQ + 2λQq + λqq
,
Λ1 =
(x+ λqq)(λ
′
qq + 2λQq + λQQ)
λQq
,
Λ2 =
(x+ λQQ)(λ
′
QQ + 2λQq + λqq)
λQq
. (111)
In these:
λQq = b
2
D/4 = b
2
D¯/4, λqq = b
2
π/4, λQQ = b
2
J/ψ/4, η =
mQ
mq +mQ
,
λ
′
Qq =
xλQq
x+ λQq
, λ
′
qq =
xλqq
x+ λqq
, λ
′
QQ =
xλQQ
x+ λQQ
. (112)
The cross-sections for the final channel are obtained from Eqs. (79) and (82). The total
cross section for the reaction is a function of the center-of-mass energy and is obtained by
summing over all possible final channels σtot(s) =
∑4
f=1 σfi(s). For numerical evaluations,
the same parameter values as in Ref. [30] are used:
mQ = 1.67 GeV , mq = 0.33 GeV, (113)
V0 → 3
4
V0 = 0.675 GeV, C = 0.24 GeV, x = 1.0 GeV
−2, (114)
λQQ = 0.64 GeV
−2, λqq = 2.4 GeV
−2, λQq = 1.7 GeV
−2. (115)
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In Fig. 1 the total cross sections for the qq¯ channel is shown as a function of the relative
kinetic energy of the J/ψ and the π in the center-of-mass system, E. The dashed line refers
to Ref. [30], and the solid line is obtained with our post-prior symmetrical interaction.
Figure 1. Total cross-sections for the prior and post-prior matrix elements.
From this figure it is evident that the breaking of the post-prior symmetry might have
a dramatic effect on the observables. We have explored the consequences of using the
interaction also in the qq and q¯q¯ channels [34], instead of using it only in the qq¯ channel as
in Ref. [30]. We obtained the amusing result that the lack of post-prior symmetry is to a
large extent compensated by the inclusion of the qq and q¯q¯ contributions in our explicitly
post-prior symmetrical effective interaction, and the results are consistent with the values
obtained in previous phenomenological calculations [30].
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III. MAPPING OF BARYONS
As discussed in the previous sections, there are several appealing features of the Fock-Tani
representation that make it particularly interesting for the treatment of composite hadronic
interactions in quark models. The extension to the baryon case might be useful for several
interesting applications in nuclear physics. The nucleon-nucleon interaction, for example,
exhibits a strongly repulsive short-distance core, which is attributed to the exchange of the
ω-meson. Since nucleons have a radii of about 0.8 fm and the range of the meson exchange
force is 1/mω ≈ 0.2 fm, it is natural to expect that the nucleon substructure will play a role
at such short distances. Other examples include high density and/or temperature nuclear
matter where the internal degrees of freedom of hadrons will simultaneously be present with
hadronic degrees of freedom.
We start with the definition of the single-composite baryon creation operator, B†α, in
terms of three quark creation operators
B†α =
1√
3!
Ψµ1µ2µ3α q
†
µ1
q†µ2q
†
µ3
. (116)
Ψµ1µ2µ3α is the baryon wave function, where the index α identifies the quantum numbers of the
baryon, and µ those of the quarks. The Fock-space amplitude is taken to be orthonormalized,
<α|β>= Ψ∗µ1µ2µ3α Ψµ1µ2µ3β = δαβ . (117)
Using the quark anticommutation relations, Eq. (4), and the normalization condition above,
it can easily be shown that the baryon operators satisfy the following noncanonical anticom-
mutation relations
{Bα, B†β} = δαβ −∆αβ , {Bα, Bβ} = 0, (118)
where
∆αβ = 3Ψ
∗µ1µ2µ3
α Ψ
µ1µ2ν3
β q
†
ν3qµ3 −
3
2
Ψ∗µ1µ2µ3α Ψ
µ1ν2ν3
β q
†
ν3q
†
ν2qµ2qµ3 . (119)
In addition,
{qµ, B†α} =
√
3
2
Ψµµ2µ3α q
†
µ2
q†µ3 , {qµ, Bα} = 0. (120)
29
As in the case of mesons, the operator ∆αβ is due to the composite nature of the baryons.
The unitary transformation is defined such that a single-baryon state |α> is transformed
into an (“ideal”) elementary-baryon state,
|α>= B†α|0>−→ U−1|α>≡ |α) = b†α|0). (121)
The ideal baryon operators b†α and bα, by definition, satisfy the canonical anticommutation
relations
{
bα, b
†
β
}
= δαβ, {bα, bβ} = 0. (122)
The state |0) is the vacuum of both q and b degrees of freedom in the new representation.
In addition, the quark operators q† and q are kinematically independent of the b†α and bα in
the new representation
{qµ, bα} = {qµ, b†α} = 0. (123)
The generator F of the unitary transformation is again an anti-hermitian operator defined
by
F = b†αOα − O†αbα. (124)
The Oα operator is constructed in a iterative manner, order by order, in the baryon wave
function by requiring that:
{Oα, O†β} = δαβ, {Oα, Oβ} = {O†α, O†β} = 0. (125)
As in the case for mesons, this iterative procedure ensures that no secular terms appear.
The explicit form of the operator Oα is obtained in a straightforward calculation, following
the same procedure as in the previous section. Up to third order, it is given by
Oα = Bα +
1
2
∆αβBβ − 1
2
B†β[∆βγ , Bα]Bγ . (126)
It is not difficult to verify that Oα has a canonical anticommutation relation up to the third
order in the Ψ’s. The next step is to transform the quark operators.
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A. Transformation of the quark operators
Given the generator F of the baryon transformation to a certain order, one needs to
evaluate
OFT = U−1OU. (127)
As discussed in the previous section for the mesons, because of Eq. (125), the equations of
motion for the operators bα(t) and Oα(t) are manifestly symmetric,
dbα(t)
dt
= [bα(t), F ] = Oα(t),
dOα(t)
dt
= [Oα(t), F ] = −bα(t), (128)
and can be trivially integrated, yielding
bα(t) = Oα sin t + bα cos t, Oα(t) = Oα cos t− bα sin t. (129)
The transformation of the quark operators follows as in the previous section. However, the
transformed operators for the present case contain a few more terms than those for mesons.
In order to simplify the presentation the results are quoted for t = −π/2.
The zeroth order operator is of course q(0)µ = qµ. The first order one is
q(1)µ = δµµ1
√
3
2
Ψµ1µ2µ3β q
†
µ2q
†
µ3 (bβ −Bβ) . (130)
The solution to the second order equation leads to
q(2)µ = δµν1
3
2
Ψ∗µ1µ2µ3α
[
Ψν1µ2µ3β (b
†
αqµ1bβ +B
†
αqµ1Bβ − 2B†αqµ1bβ)
− Ψν1ν2µ3β
(
b†αq
†
ν2
qµ2qµ3bβ + B
†
αq
†
ν2
qµ2qµ3Bβ − 2B†αq†ν2qµ2qµ3bβ
)]
. (131)
And finally, the solution of the third order equation is
q(3)µ = δµσ1
√
3
2
{
1
2
Ψσ1µ2µ3α q
†
µ2q
†
µ3∆αγ (bγ − 2Bγ)
+
3
2
Ψ∗µ1µ2µ3α
[
Ψ∗ν1ν2ν3β Ψ
σ1µ2ν3
γ (B
†
α − b†α)B†βqµ1qµ3qν2qν1bγ
+
(
2Ψµ1µ2ν3β Ψ
σ1ν2µ3
γ −Ψµ1ν2ν3β Ψσ1µ2µ3γ
)
q†ν2q
†
ν3
(
−b†αbβbγ +B†αBβBγ − B†αBβbγ + b†αBβbγ
)
+2Ψν1µ2ν3β Ψ
σ1ν2µ3
γ q
†
ν1
q†ν2q
†
ν3
(
−b†αbβbγ +B†αBβBγ −B†αBβbγ + b†αBβbγ
)
qµ1
]}
. (132)
This result concludes the evaluation of the transformed operators which will be necessary
to construct the Hamiltonian in the new representation. This is done in the next section.
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B. Effective baryon Hamiltonian
The Fock-Tani Hamiltonian HFT is obtained from the quark-quark part of Hamiltonian
in Eq. (55). The free-space eigenvalue equation for the single-baryon state is
H(µν; σρ)Ψσρλα = E[α]Ψµνλ[α] , (133)
where the Hamiltonian matrix H(µν; σρ) is given by
H(µν, σρ) = 3 [ δ[µ]σδνρ T ([µ]) + Vqq(µν; σρ) ]. (134)
Eα is the total energy of the baryon. Here the notation is once again used so that there is
no summation over repeated indices in square brackets.
The Fock-Tani Hamiltonian for baryons has a general structure similar to the HFT of
mesons, namely,
HFT = Hq +Hb +Hbq. (135)
The term Hq involves only quark operators, Hb only ideal baryon operators, and Hbq involves
both quark and ideal baryon operators.
In order to obtain the quark-quark interaction in the new representation, only the ap-
propriate terms need be collected from the lowest order ones q† (0)µ q
(1)
µ and q
† (1)
µ q
(1)
µ , from the
transformation of kinetic energy, and q† (1)µ q
† (0)
ν q
(0)
ρ q
(0)
σ and q
† (1)
µ q
† (0)
ν q
(0)
ρ q
(1)
σ , from the trans-
formation of the potential. This leads for the new quark-quark interaction the following
expression
Vqq =
1
2
Vqq(µν; σρ) q
†
µq
†
νqρqσ
+
1
6
[
∆(ν1ν2ν3;µ1µν)H(µν;µ2µ3) +H(ν1ν2; σρ)∆(σρν3;µ1µ2µ3)
− ∆(ν1ν2ν3; τµν)H(µν; σρ)∆(σρτ ;µ1µ2µ3)
]
q†ν1q
†
ν2
q†ν3qµ1qµ2qµ3 , (136)
where ∆(µντ ;µ′ν ′τ ′) is the bound state kernel for baryons,
∆(µντ ;µ′ν ′τ ′) =
∑
α
Ψµντα Ψ
∗µ′ν′τ ′
α . (137)
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In the case that the Ψ’s are chosen to be the eigenstates of the microscopic quark Hamil-
tonian, Eq. (136) can be written in the following suggestive way
Vqq =
1
2
Vqq(µν; σρ) q
†
µq
†
νqρqσ −
∑
α
EαB†αBα. (138)
As in the case of mesons, it is not difficult to show that the spectrum of the modified quark
Hamiltonian Hq in Eq. (135) is positive semidefinite.
Note that because Vqq(µν; σρ) is a two-body interaction, the creation and annihilation
operators with sub-index 3 can always be contracted with each other in Eq. (136), such that
the new quark-quark interaction, Vqq, remains in a two-body form .
Among the various baryon-quark Hamiltonians Hbq in Eq. (135), the two interesting
ones are the single-baryon break-up and the binary collision break-up. By collecting the
appropriate lowest order terms of the transformation of the kinetic and potential terms, the
single-baryon break-up interaction (single-break) is obtained as
Hsingle−break =
1√
6
[
H(µ1µ2; σρ)Ψ
σρµ3
β
− H(µν; σρ)Ψσρτ3β ∆(µ1µ2µ3;µντ3)
]
q†µ1q
†
µ2
q†µ3bβ . (139)
The hermitian conjugate of Hsingle−break represents a baryon recombination. When Ψ is
chosen to be a stationary state of the microscopic quark Hamiltonian, Eq. (139) becomes
Hsingle−break = 0. (140)
This result reflects the stability of the baryon state to spontaneous decay in the absence of
external perturbations. For a baryon in the environment produced in a heavy-ion collision,
for example, one would be interested in the modifications on the free-space wave function
properties of the nucleons, and obviously the effective Hamiltonian of Eq. (139) would be
relevant in such a situation.
In the same way, a binary baryon collision break-up (binary-break) term can be found,
Vbinary−break =
1
2
Vqq(µν; σρ) q
† (0)
µ q
† (0)
ν q
(1)
ρ q
(1)
σ
=
3
4
Ψρν2µ3α Ψ
σν2ν3
β Vqq(µν; σρ) q
†
µq
†
νq
†
µ2
q†µ3q
†
ν2
q†ν3bαbβ . (141)
In a hot and/or dense medium, where constituents and composites can be simultaneously
present in the system break-up terms may play an important role.
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The piece of the effective Hamiltonian that contains only ideal baryon operators, repre-
sented by the second term of Eq. (135), can be written as:
Hb = H
(0)
b + Vbb. (142)
H
(0)
bb is the “non-interacting” term, obtained by substituting the transformed operators into
the expression
T (µ)q†(1)µ (t)q
(1)
µ (t) +
1
2
Vqq(µν; σρ)q
†(1)
µ (t)q
†(0)
ν (t)q
(0)
ρ (t)q
(1)
σ (t). (143)
After putting the expression in normal order, a term is obtained that contains only ideal
baryon operators,
H
(0)
b = H
(0)
FT(α; β) b
†
αbβ , (144)
where
H
(0)
FT(α; β) = Ψ
∗µντ
α H(µν; σρ)Ψ
σρτ
β . (145)
The baryon-baryon potential is obtained from the expression
T (µ)
[
q†(3)µ (t)q
(1)
µ (t) + q
†(1)
µ (t)q
(3)
µ (t)
]
+
1
2
Vqq(µν; σρ)
[
q†(1)µ (t)q
†(1)
ν (t)q
(1)
ρ (t)q
(1)
σ (t)
+q†(1)µ (t)q
†(0)
ν (t)q
(2)
ρ (t)q
(1)
σ (t) + q
†(1)
µ (t)q
†(2)
ν (t)q
(0)
ρ (t)q
(1)
σ (t)
+q†(3)µ (t)q
†(0)
ν (t)q
(0)
ρ (t)q
(1)
σ (t) +q
†(1)
µ (t)q
†(0)
ν (t)q
(0)
ρ (t)q
(3)
σ (t)
]
. (146)
Substituting the transformed quark operators, and putting the resulting expression in normal
order, terms are obtained that again involve only ideal baryon operators. The total baryon
Hamiltonian may be written in the form
Hb = Ψ
∗µνλ
α H(µν; σρ)Ψ
σρλ
β b
†
αbβ +
1
2
Vbb(αβ; δγ) b
†
αb
†
βbγbδ, (147)
where Vbb ≡ V dirbb + V excbb + V intbb is the effective baryon-baryon potential, which is divided we
divide again into direct, exchange, and intra-exchange parts, where
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V dirbb (αβ; δγ) = 9 Vqq(µν; σρ)Ψ
∗µµ2µ3
α Ψ
∗νν2ν3
β Ψ
ρν2ν3
γ Ψ
σµ2µ3
δ , (148)
V excbb (αβ; δγ) = 9 Vqq(µν; σρ)
[
2Ψ∗µνµ3α Ψ
∗ν1ν2ν3
β Ψ
ρν2ν3
γ Ψ
ν1σµ3
δ
−Ψ∗µµ2µ3α Ψ∗νν2ν3β
(
Ψσν2ν3γ Ψ
ρµ2µ3
δ + 4Ψ
ρν2µ3
γ Ψ
σµ2ν3
δ
)
−2Ψ∗µµ2µ3α Ψ∗ν1ν2νβ Ψν1ν2µ3γ Ψσµ2ρδ
]
, (149)
V intbb (αβ; δγ) = −6H(µν; σρ)
(
Ψ∗µνµ3α Ψ
∗ν1ν2ν3
β Ψ
ν1ν2µ3
γ Ψ
σρν3
δ
+ Ψ∗µµ2να Ψ
∗ν1ν2ν3
β Ψ
ν1ν2ρ
γ Ψ
σµ2ν3
δ +Ψ
∗µµ2µ3
α Ψ
∗ν1ν2ν
β Ψ
ν1ν2µ3
γ Ψ
σµ2ρ
δ
)
. (150)
Similar to the meson case, it can be shown that if the Ψ’s are chosen to be the eigenstates
of the microscopic quark Hamiltonian, the intra-exchange term V intbb is precisely canceled by
orthogonality corrections at lowest order.
In the next subsection, our nucleon-nucleon result is compared with the one obtained
in Ref. [32]. In the quark model used in Ref. [32], the Ψ’s are taken to be nonrelativistic
s-wave gaussians, and the microscopic quark-quark interaction is the spin-spin part of the
nonrelativistic reduction of the one-gluon exchange.
C. An effective nucleon-nucleon potential
According to our notation, the nucleon wave function used in Ref. [32] is given by
Ψµ1µ2µ3α ≡ δ(pα − p1 − p2 − p3)N (pα)
ǫcµ1cµ2cµ3√
3!
ǫcµ1cµ2cµ3 χIµ1Iµ2Iµ3α φ(p1)φ(p2)φ(p3), (151)
where ǫcµ1cµ2cµ3 is the color antisymmetric tensor; χ
Iµ1Iµ2Iµ3
α is the Clebsch-Gordan coefficient
of spin-isospin, the φ’s are the single-quark wave functions, and N (pα) is a normalization
function. The explicit form of the momentum-space single-quark functions is
φ(p) =
(
b2
π
)3/4
exp
(
−b
2p2
2
)
. (152)
With such a form, N (p) is obtained to be
N (p) =
(
3π
b2
)3/4
exp
(
b2p2
6
)
. (153)
The constant b is related to the mean-square radius of the baryon by b2 =<r2>.
Using a local quark-quark interaction Vqq as in Ref. [32], i.e. an interaction that depends
only on the momentum transfer, the 12-dimensional integral over the quark coordinates in
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the expression of the effective potential can be evaluated analytically, because the single-
quark wave functions are gaussians. Then the NN potential can be written in the form
VNN =
1
2
∫
dp1 · · · dp4 δ(p1 + p2 − p3 − p4) <λ3λ4|VNN(σ, τ ,p1 · · ·p4)|λ1λ2>
× b†λ4(p4) b†λ3(p3) bλ2(p2) bλ1(p1), (154)
where λ = (MS,MT ) and
VNN(σ, τ ,p1 · · ·p4) =
5∑
i=1
ωi(σ, τ )vi(p1 · · ·p4). (155)
The operators ωi(σ, τ ) are obtained from the sum over the quark color-spin-flavor indices;
σN and τN are nucleon spin and isospin operators. The sum over the quark spin-isospin
quantum numbers can be evaluated in closed form by making use of the elegant technique
of Ref. [35]. The spatial functions can be written as
v1(p1 · · ·p4) = F (q2) Vqq(q)F (q2), (156)
vi(p1 · · ·p4) =
(
3b2
4π
)3/2
N(p1 · · ·p4) Ii(p1 · · ·p4), (157)
where q = p3 − p1 = p2 − p4 is the momentum transfer, F (q2) is the nucleon form factor,
F (q2) = exp
(
−b
2
6
q2
)
, (158)
and N(p1 · · ·p4) is given by
N(p1 · · ·p4) = exp
[
−b2
(
1
2
p24 +
1
4
p23 +
7
12
p22 −
1
6
p21 − p4·p2 −
1
3
p3·p2 +
1
3
p4·p3
)]
, (159)
and Ii(p1 · · ·p4), i = 2, · · · , 5 are the integrals
I2(p1 · · ·p4) =
∫
dqVqq(q) exp
[
−b2
(
q2 − q·(p1 − p2)
)]
, (160)
I3(p1 · · ·p4) =
∫
dq Vqq(q) exp
[
−b2
(
3
4
q2 +
1
2
q·(p3 − p2)
)]
, (161)
I4(p4 · · ·p4) =
∫
dq Vqq(q) exp
[
−b2
(
11
16
q2 + q·(1
2
p4 +
1
4
p3 − 34p2)
)]
, (162)
I5(p1 · · ·p4) =
∫
dq Vqq(q) exp
[
−b2
(
11
16
q2 − q·(1
2
p4 − 14p3 − 14p2)
)]
. (163)
When using Vqq(q) = V0 = constant, which represents a contact interaction, such as the
spin-spin term from the one-gluon exchange used in Ref. [32], the following expressions for
the vi’s are obtained
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v1(p,p
′) = v3(p,p
′) = V0 exp
[
−b
2
3
(p− p′)2
]
,
v2(p,p
′) = V0
(
3
4
)3/2
exp
[
−b
2
6
(p2 + p′ 2)
]
,
v4(p,p
′) = v5(p
′,p) = V0
(
12
11
)3/2
exp
[
−2b
2
11
(p− p′)2 − b
2
33
(p2 + 7p′ 2)
]
. (164)
Now, when the color-spin-flavor dependence of the interaction is equal to the spin-spin
term of the one-gluon exchange, Eq. (95), the spin-isospin functions ωi(σ, τ ) are given by
ω1 = 0,
ω2 =
1
12
[(
1 +
1
9
τ 1N ·τ
2
N
)
+
1
3
(
1 +
1
9
τ 1N ·τ
2
N
)
σ1N ·σ
2
N
]
,
ω3 =
3
4
[(
1 +
1
9
τ 1N ·τ
2
N
)
− 1
27
(
1 +
25
9
τ 1N ·τ
2
N
)
σ1N ·σ
2
N
]
,
ω4 = ω5 =
1
4
[(
1− 1
9
τ 1N ·τ
2
N
)
− 1
9
(
1− 5
9
τ 1N ·τ
2
N
)
σ1N ·σ
2
N
]
, (165)
Note that ω1 = 0 because there is no one-gluon exchange between colorless baryons.
On-shell, i.e., when p2 = p′2, this result is precisely the same as obtained within the
quark Born diagram method for the T-matrix [32]. For the off-shell case, it is evident that
our interaction is post-prior symmetric. The symmetry is of importance for calculations
beyond the Born approximation, where the potential is iterated in a Lippmann-Schwinger
equation.
In the next section orthogonality corrections to the lowest order hadron-hadron Hamil-
tonians will be derived. The study of the hadron-hadron interaction using the constituent
quark model has been traditionally been done with the resonating group method (RGM).
There is an extensive literature on the subject; two good review articles are given in Ref. [36].
The RGM will be used in the next section to make contact with the Fock-Tani represen-
tation, and to illustrate in a transparent way the physical meaning of the orthogonality
corrections for the effective meson-meson interaction.
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IV. ORTHOGONALITY CORRECTIONS
Orthogonality corrections appear in the form of terms proportional to the bound state
kernels ∆(µν; σρ) and ∆(µνλ; σρτ), and have the effect, among others, of weakening the
“intra-exchange” interactions. An example of this effect is the renormalization of the mi-
croscopic interaction, shown in Eqs. (59) and (136). In the hadron-hadron interaction, they
reflect the Pauli principle among the constituents in the different clusters. In this section,
the lowest-order corrections (in an expansion in powers of the bound state kernels ∆) for
the effective meson and baryon Hamiltonians are obtained, and the RGM is used to evaluate
the magnitude of higher oder terms.
Before entering into the derivation of the orthogonality corrections within the Fock-
Tani representation, use is made of the RGM for the meson-meson scattering. The RGM
is extensively used in the context of hadron-hadron scattering [36], and the meaning and
origin of these corrections is particularly transparent within this method. Of course, as will
become clear at the end of the discussion, orthogonality corrections apply to all pieces of
the effective Hamiltonian, not only to the effective hadron-hadron interaction, and can be
systematically derived from within the Fock-Tani representation.
In a RGM calculation the two-cluster state is introduced by writing
|Λ>= 1√
2
ψαβΛ M
†
αM
†
β|0>, (166)
where ψαβΛ is the ansatz wave function for the meson pair; it describes the c.m. and relative
motions of the two meson clusters. The M †’s are the meson creation operators as defined
in Eq. (2). Λ identifies the set of quantum numbers of the two-cluster state. Using the
commutation relation of the meson operators, Eq. (5), the normalization condition for the
ψαβΛ is obtained to be
<Λ|Λ′>= ψ∗αβΛ N(αβ;α′β ′)ψα
′β′
Λ′ = δΛ′Λ, (167)
where N(αβ;α′β ′) is the “normalization kernel”, given by
N(αβ;α′β ′) = δαα′δββ′ −NE(αβ;α′β ′) = δαα′δββ′ − Φ∗µνα Φ∗ρσβ Φµσβ′ Φρνα′ . (168)
The exchange kernel NE(αβ;α
′β ′) comes from the noncanonical part of the meson commuta-
tion relation of Eq. (5), and it reflects the Pauli principle among the quarks and antiquarks
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in the clusters α and β. The equation of motion for ψαβΛ is determined by means of the
variational principle
δ <Λ|(H − EΛ)|Λ>= 0, (169)
which leads to the RGM equation,
[HRGM (αβ; γδ)−EΛN(αβ; γδ)]ψγδΛ = 0, (170)
with
HRGM (αβ; γδ) = TRGM(αβ; γδ) + Vmm(αβ; γδ), (171)
where the kinetic term TRGM (αβ; γδ) is given by
TRGM (αβ; γδ) = δβδΦ
∗µν
α H(µν;µ
′ν ′)Φµ
′ν′
γ + δαγΦ
∗µν
β H(µν;µ
′ν ′)Φµ
′ν′
δ , (172)
and the potential terms Vmm(αβ; γδ) are precisely equal to the Fock-Tani potentials given
in Eqs. (66)-(69).
The two-meson wave function is not normalized in the usual quantum mechanical way,
because of the presence of normalization kernel in Eq. (167). It is common practice [36] to
introduce a “renormalized” wave function defined as
ψ¯αβΛ ≡ N
1
2 (αβ;α′β ′)ψα
′β′
Λ , (173)
where N1/2 is the square root of the RGM normalization kernel. This clearly leads to
ψ¯∗αβΛ′ ψ¯
αβ
Λ = δΛ′Λ. (174)
In terms of the renormalized wave function, the RGM equation can be rewritten as
[
H¯RGM(αβ; γδ)− EΛδαγδβδ
]
ψ¯γδΛ = 0, (175)
where the “renormalized” RGM Hamiltonian is defined as
H¯RGM(αβ; γδ) ≡ N− 12 (αβ;α′β ′)HRGM (α′β ′; γ′δ′)N− 12 (γ′δ′; γδ). (176)
Now, if N−
1
2 is expanded in Eq. (176) according to
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N−
1
2 = (1−NE)−
1
2 = 1 +
1
2
NE +
3
8
N2E + · · · , (177)
where NE is the exchange kernel defined in Eq. (168), and only the first order term is
retained, the lowest order correction to the RGM Hamiltonian is given by
H¯RGM (αβ; γδ) = TRGM(αβ; γδ) + V
dir
mm(αβ; γδ) + V
exc
mm(αβ; γδ)
−1
2
{
Φ∗µνα Φ
∗ρσ
β [H(µν;µ
′ν ′)−H(µν;λτ)∆(λτ ;µ′ν ′)] Φµ′σδ Φρν
′
γ + (α↔ β; γ ↔ δ)
}
−1
2
{
Φ∗µσα Φ
∗ρν
β [H(µν;µ
′ν ′)−∆(µν;λτ)H(λτ ;µ′ν ′)] Φµ′ν′δ Φρσγ + (α↔ β; γ ↔ δ)
}
. (178)
If the Φ’s are chosen to be the eigenstates of the microscopic quark Hamiltonian, the intra-
exchange term V intmm is cancelled (see Eq. (69). This cancelation is the main effect of the
renormalization of the wave function, higher order terms in the expansion give small correc-
tions. This is explicitly demonstrated in the following two examples.
The derivation within the Fock-Tani representation of the corrections discussed above is
trivial, since these always appear in such a form that the microscopic Hamiltonian acts on
a bound state kernel. With a little of experience with the manipulation of the equations of
motion of the quark operators, the relevant terms in these equations can easily be identified.
It is easy to convince oneself that the lowest order corrections for the effective meson-
meson potential come from terms in the microscopic quark-antiquark interaction of the form
q(1)†µ q¯
(0)†
ν q¯
(0)
ρ q
(5)
σ +h.c.. In order to obtain q
(5) and q(5)†, the generator F of the transformation
at fourth order is needed.
It is not difficult to show that the fourth order O operator for mesons is given by
O(4)α =
3
8
∆αβ∆βγMγ − 1
8
M †β[∆αγ ,∆βδ]MδMγ +
1
4
M †β[Mα, [∆βγ ,M
†
δ ]]MγMδ , (179)
In the proof of the commutation relation of Eq. (40) up to fourth order, it is useful to make
use of the Jacobi identity for bosonic operators A,B, and C,
[A, [B,C] ] + [C, [A,B] ] + [B, [C,A] ] = 0, (180)
Next, the fifth order quark equation of motion is obtained, and only the terms that
are relevant for the lowest order orthogonality corrections are retained. These come with
an antiquark creation operator q¯† and three ideal meson operators. This is because the
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q¯(0)ρ = q¯ρ must be canceled in the expression q
(1)†
µ q¯
(0)†
ν q¯
(0)
ρ q
(5)
σ , and since q
(1)†
µ q¯
(0)†
ν ∼ m†, extra
three ideal meson operators are needed to form an effective meson-meson interaction.
The equation of motion for the quark operator to fifth order, retaining only the relevant
terms for the orthogonality corrections, is given by
dq(5)µ (t)
dt
∣∣∣∣∣
relev
= −δµµ′1 1
2
[
M
(0)
β (t)Φ
µ′ν
α q¯
†(0)
ν (t)∆
(4)
αβ(t)m
(0)
β (t)
+ ∆(µ′ν, ρ′σ′)Φ∗ρσα Φ
ρ′σ
β Φ
ρσ′
γ q¯
(0)†
ν (t)M
(0)†
α (t)M
(0)
β m
(0)
γ (t)
]
. (181)
In the same way, a similar equation is obtained for q¯(5)µ (t), which is necessary for the trans-
formation of the kinetic energy operator. Integrating the equations and taking t = −π/2,
results in
T (µ)q†(5)µ q
(1)
µ + T (ν)q¯
†(5)
ν q¯
(1)
ν +
[
Vqq¯(µν; ρσ)q
(5)†
µ q¯
(0)†
ν q¯
(0)
σ q
(5)
ρ + h.c.
]
= +
1
2
{[
Φ∗µσα Φ
∗ρν
β ∆(µν;λτ)H(λτ ;µ
′ν ′)Φµ
′ν′
δ Φ
ρσ
γ + (α↔ β; γ ↔ δ)
]
+
[
Φ∗µνα Φ
∗ρσ
β H(µν;λτ)∆(λτ ;µ
′ν ′)Φµ
′σ
δ Φ
ρν′
γ + (α↔ β; γ ↔ δ)
]}
m†αm
†
βmδmγ . (182)
Clearly, when the Φ’s are the eigenstates of H , this will lead to an expression that is equal
to and the opposite sign of V intmm in Eq. (69).
For the baryons, the exact same procedure is taken. The fourth order O operator is given
by
O(4)α =
3
8
∆αβ∆βγBγ − 1
8
B†β[∆αγ ,∆βδ]BγBδ +
1
4
B†β{Bα, [∆βγ, B†δ ]}BγBδ . (183)
The use of the Jacobi identity for fermionic operators A,B, and C,
[A, {B,C} ] + [C, {A,B} ] + [B, {C,A} ] = 0, (184)
is useful for demonstrating the anticommutation relation of Eq. (125). As in the case of
mesons, the cancelation of the intra-exchange part of the effective baryon-baryon interaction
is attained.
Next, the RGM is used with an exactly soluble model to demonstrate that the main effect
of the orthogonality correction for the meson-meson effective interaction is the cancelation
of the intra-exchange term. We consider the scattering of two mesons, where the quark and
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the antiquark have masses mq, and use an harmonic potential for the microscopic interaction
in Eq. (93), namely,
U(p) = −
∫ dr
(2π)3
e−ip·r
(
C +
1
2
kr2
)
=
(
1
2
k∇p
2 − C
)
δ(3)(p), (185)
where C is a constant which fixes the oscillator’s ground state. For this interaction, the
Fock-space amplitude Φ is given by Eq. (97), with b2 =
√
3/2mqk, and the total energy of
a single meson is
E(P ) =
P 2
4mq
+ 2mq +
3
mqb2
+
4C
3
. (186)
The evaluation of normalization kernel and its square root can be done analytically. The
results are,
N(αβ; γδ) = δ(3)(P α −P γ)δ(3)(P β − P δ)− 1
6
NE(P αP β;P γP δ) , (187)
N−
1
2 (αβ; γδ) = δαγδβδδ
(3)(P α − P γ)δ(3)(P β − P δ) + CNNE(P αP β;P γP δ), (188)
where
NE(P αP β;P γP δ) = δ(3)(P α + P β −P γ −P δ)
(
b2
2π
) 3
2
e
− b
2
4
[
P2α+
P 2γ
2
+
P 2
δ
2
−Pα·(Pγ+Pδ)
]
. (189)
with
CN =
ω
2
lim
k→∞
k∑
m=1
(
ω
2
)m−1 ( m∏
n=1
2n− 1
n
)
, (190)
where ω = 1/6. In obtaining the closed form for the square root N−
1
2 (αβ; γδ), we used the
remarkable property of the function NE, that (NE)k = NE .
The partial sums C(k),
C(k) =
k∑
m=1
(
ω
2
)m−1 ( m∏
n=1
2n− 1
n
)
, (191)
are plotted in Figure 2 below. The important fact to notice in this figure is that the series
is rapidly convergent, and that for k ≥ 2, the values of the C(k)’s have almost reached their
asymptotic value, C(∞) ∼ 1.145. This means that the bulk of the effect of the orthogonality
corrections can be accounted for by retaining only the first term in Eq. (177).
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Figure 2. The partial sums C(k) of Eq. (190).
The full RGM equation can be separated into two equations, one describing the free
motion of the c.m. of the mesons, and the other describing their relative motion. Writing
Ψ¯(P Λ;p) = ψ(P Λ)ϕ(p), where P Λ and p are respectively the total c.m. and relative
momenta of the two mesons, the equation for ϕ(p) can be written as
∫
dp′
[
p2
M
δ(3)(p− p′) + λV(p,p′)
]
ϕ(p′) = Erel ϕ(p), (192)
where Erel = EΛ−Ecm, and the “potential” V(p,p′), which is the result from the renormal-
ization of the kinetic and potential (V int and V exc) energies, is given by
V(p,p′) =
(
b2
2π
) 3
2
[
b
4mq
− 1
24mq
(p2 + p′2)
]
e−
1
4
(p2+p′2) , (193)
and λ = CK + CV , with
CK = 6
2(1− ω) 12 + ω − 2
(1− ω) 12
, CV =
1
(1− ω) 12
. (194)
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Since ω = 1/6, CV + CK = 1.046 is obtained. Had we used only the first two terms in the
expansion of N−1/2 in Eq. (177), we would have obtained λ = 1, instead of λ = 1.046. The
effect of the higher order terms is, therefore, less than 5%.
This result stands for the case of an harmonic oscillator potential and gaussian Fock-space
amplitudes Φ, but it seems reasonable to expect that for other potentials and amplitudes
the situation will not be extremely different from the present one. Of course, a check of
the rate of convergence of the expansion in Eq. (177) is advisable when other than gaussian
functions are used for the Φ’s.
For the case of baryons, when using a gaussian form for the Fock-space amplitudes Ψ, the
result is not different from the one for the mesons as described above. The net result of the
higher order terms in the expansion in Eq. (177) is very small on the effective baryon-baryon
potential. However, contrary to the case of the mesons, the exchange kernel for baryons does
not have the property (NE)k = NE. Nevertheless, there is an interesting approximation
scheme that might be useful for future calculations, as we shall shortly describe.
The normalization kernel for baryons is given by,
N(αβ; γδ) = δαγ δβδ −NE(αβ; γδ) = δαγ δβδ − 9Ψ∗µ1µ2µ3α Ψ∗ν1ν2ν3β Ψν1ν2µ3γ Ψµ1µ2ν3δ
≡ δαγ δβδ − ωNE(pαpβ;pγpδ). (195)
In the nucleon-nucleon case, ω is given by
ω ≡ 3
4
[
1 +
1
9
τ 1N · τ 2N +
1
9
(
1 +
25
9
τ 1N · τ 2N
)
σ1N · σ2N
]
. (196)
The approximation consists in factorizing the spatial part and summing the resulting series
as
N−
1
2 = [1−NE ]−
1
2 = 1 +
1
2
ωNE + 3
8
ω2N 2E +
15
48
ω3N 3E + . . .
≈ 1 +NE
[
1
2
ω +
3
8
ω2 +
15
48
ω3 + . . .
]
= 1 +̟NE, (197)
where ̟ = −1+1/√1− ω. When using a gaussian form for the amplitudes Ψ, two interest-
ing facts were observed: first, there is a fast convergence of the exact and approximate series,
and second, after the second term in the expansions, the approximate and exact results are
practically indistinguishable from each other. Of course, as mentioned above, when other
44
forms than a gaussian are used for the Ψ’s, the rate of convergence of the expansion of the
square root has to be checked.
V. EXTENSION TO GENERAL FOCK-SPACE STATES
In this section an extension of the Fock-Tani transformation to more general Fock-space
states will be discussed. When dealing with quantum field theoretic quark models, the
description of mesons and baryons might require the consideration of more general Fock
states as those of a quark-antiquark pair and triplets of quarks. A meson state, for example,
would be more likely to be of the form φ1 |qq¯ > +φ2 |qq¯(qq¯qq¯) > + · · · and certainly mixing
with states containing gluons, such as |qq¯g >, can be expected. Of course, methods can
always be devised to take into account as much of such a mixing as possible into an effective
Hamiltonian, and to avoid complicated Fock amplitudes. Nevertheless, one must be prepared
to deal with more complicated Fock-space states as well.
The unitary transformation for such states is constructed with the same iterative pro-
cedure described in the previous sections, but the construction of the generator F requires
modifications. In the present section, the necessary modifications will be discussed through
an example, and these will be expanded upon in a future publication [37] dedicated to the
details of these derivations.
Consider a meson state of the form
M †α = Φ
µν
α q
†
µq¯
†
ν +Ψ
µνσ
α q
†
µq¯
†
νg
†
σ, (198)
where g†σ (gσ) is a gluon creation (annihilation) operator. The quark and antiquark operators
satisfy the usual canonical anticommutation relations of Eq. (4). For the sake of simplicity,
we assume the following canonical commutation relations
[gσ, g
†
σ′ ] = δσσ′ , [gσ, gσ′] = [g
†
σ, g
†
σ′ ] = 0. (199)
Using these and Eq. (4), the following expression is obtained for the commutator of
composite-meson operators
[Mα,M
†
α′ ] = δαα′ + Cαα′ , (200)
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where Cαα′ contains, in addition to the ∆αβ of Eq. (6), terms proportional to the amplitude
Ψµνσα defined in Eq. (198). It is useful to decompose Cαα′ as
Cαα′ = C
0
αα′ + C
+
αα′ + C
−
αα′ . (201)
C0αα′ contains the usual ∆αβ and operators with at least one annihilation operator on the
right,
C0αα′ = −∆αβ +Ψ∗µνσα Ψµ
′ν′σ
α′ q
†
µ′ q¯
†
ν′ q¯νqµ +Ψ
∗µνσ
α Ψ
µνσ′
α′ g
†
σ′gσ −Ψ∗µνσα Ψµ
′νσ′
α′ q
†
µ′g
†
σ′gσqµ
−Ψ∗µνσα Ψµ
′νσ
α′ q
†
µ′qµ −Ψ∗µνσα Ψµν
′σ′
α′ q¯
†
ν′g
†
σ′gσ q¯ν −Ψ∗µνσα Ψµν
′σ
α′ q¯
†
ν′ q¯ν . (202)
C+αα′ and C
−
α′α contain only terms that involve at least one Ψ
µνσ
α ,
C+αα′ =
[
C−α′α
]†
= Φ∗µνα Ψ
µνσ
α′ g
†
σ − Φ∗µνα Ψµ
′νσ
α′ g
†
σq
†
µ′qµ − Φ∗µνα Ψµν
′σ
α′ g
†
σ q¯
†
ν′ q¯ν , (203)
It is not difficult to prove that the operator Oα that satisfies the commutation relations
of Eq. (40) up to third order in the Fock amplitudes is given by
Oα = Mα −
∑
α′
(
C+αα′ +
1
2
C0αα′
)
Mα′ +
∑
α′α′′
M †α′
[
Mα,
(
C−α′α′′ +
1
2
C0α′α′′
)]
Mα′′ . (204)
The modification referred to above is that the components C0αα′ , C
+
αα′ and C
−
αα′ of Cαα′ enter
in a particular way into this expression. This is because the commutator of Oα withM
†
β must
result in a Kronecker δαβ , and the remaining operators of this commutator must annihilate
the vacuum state, since F M †α|0 >= m†α|0 > is needed. Since C+αα′ does not annihilate the
vacuum, the components of Cαα′ must be combined such that they cancel out any operators
which contain a creation operator on the right.
To conclude, we mention that the same iterative procedure outlined for the above example
can be followed [37] for creation operators A†α involving any number of quark, antiquark and
gluon (or other bosonic) creation operators in the form
A†α =
∞∑
nq=0
∞∑
nq¯=0
∞∑
ng=0
(nq!nq¯!ng!)
−1/2Φ
µ1,...,µnq ,ν1,...,νnq¯ ,σ1,...,σng
α
× q†µ1 · · · q†µnq q¯†ν1 · · · q¯†νnq¯ g†σ1 · · · g†σng , (205)
where nq, nq¯ and ng respectively represent the number of quarks, antiquarks and gluons.
Φ
µ1,...,µnq ,ν1,...,νnq¯ ,σ1,...,σng
α is the Fock-space amplitude, the index α represents the quantum
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numbers of the hadron and µ, ν e σ those of the constituents, as usual. Such an extension is
particularly useful for treating meson-baryon couplings, and the derivation of an one-boson-
exchange picture of the nucleon-nucleon force. Work is in progress in this direction.
VI. CONCLUSIONS
In this paper, we have extended the Fock-Tani representation to hadronic physics. The
formalism was used for a general class of constituent quark models, independently of a
specific form of the microscopic interaction. We derived the unitary transformation iter-
atively as a power series in the Fock-space hadron amplitude, obtained the transformed
quark and antiquark operators, and derived effective Hamiltonians. The effective Hamil-
tonians are hermitian and describe all possible interactions among the composite hadrons,
and the interactions of the composite hadrons with their elementary constituents (quarks
and antiquarks), consistent with the microscopic Hamiltonian. The transformed quark and
antiquark operators are completely general, they depend only on the quark structure of the
hadron states. Given a microscopic quark Hamiltonian, the effective Hamiltonians can be
immediately derived. There is no restriction to relativistic or nonrelativistic kinematics.
The method can be used with models where explicit gluon degrees of freedom (or other de-
grees of freedom such as Goldstone bosons) are present in the states and in the microscopic
Hamiltonian, as well as with models of multicomponent Fock-space amplitudes.
The fact that in the Fock-Tani representation all field operators satisfy canonical com-
mutation relations allows the direct use of the traditional field theoretic methods. For the
baryon case, in particular, great opportunities for applications in many-baryon systems are
envisioned. Different methods have been employed in the literature to study various aspects
of quark degrees of freedom in nuclei. Since the traditional picture of the nucleus is that of
a system of hadrons, the explicit dynamics of the color degree of freedom must be limited to
very short distances. This means that an approach using quark degrees of freedom should
minimally deviate from, as well as contain in some limit, the traditional one. In this sense,
the effective Hamiltonian of the Fock-Tani representation has a well-defined limit, since it
explicitly describes the interactions among hadrons; quark-quark and quark-hadron interac-
tions are treated separately as “residual” interactions, since the effects of the bound states
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are explicitly subtracted from the microscopic interaction. Herewith the properties of the
hadron-hadron interactions and nuclei at high densities and/or temperatures using quark
degrees of freedom can be carried out in a systematic and controllable fashion.
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